Oligosaccharides are an important component of soybean [Glycine max (L.) Merr.] meal in terms of metabolizable energy for monogastric animals. Sucrose, raffi nose, and stachyose are the three main oligosaccharides present in soybean meal. Of the three, only sucrose is nutritionally useful. When raffi nose and stachyose are fermented by microbes present in the gut, the results are fl atulence and discomfort, which ultimately lead to poor weight gain. The long term objective of this research is ultimately to increase the nutritional value of soybean meal by elevating the metabolizable energy at the expense of raffi nose and stachyose through the manipulation of soybean raffi nose synthase, the key enzyme for raffi nose and stachyose biosynthesis. The objectives of this work were to develop molecular genetic information about soybean raffi nose synthases and to evaluate the candidate raffi nose synthase genes in a soybean germplasm accession (PI 200508) that contains low levels of raffi nose and stachyose. Our results indicate the soybean genome contains at least two expressed genes similar to other characterized raffi nose synthases. A novel allele of one of these putative soybean raffi nose synthase genes was discovered from the PI 200508 that completely associates with the low raffi nose and stachyose phenotype. Molecular marker assays specifi c for the PI 200508 allele were developed to allow direct selection for the low raffi nose and low stachyose phenotype.
diet and reduces fl atulent production (Coon et al., 1990; Parsons et al., 2000; Suarez et al., 1999) .
Th e key step in raffi nose and stachyose biosynthesis is mediated by the enzyme raffi nose synthase. Th e raffi nose synthase enzyme belongs to a group of hydrolase family enzymes that execute a galactosyl transfer from galactinol to sucrose. Th is transfer produces the three ring molecule raffi nose; myo-inositol is formed as a by-product. Similarly, stachyose is formed by the action of stachyose synthase which combines raffi nose and galactinol. Th us, raffi nose synthase and stachyose synthase share one identical substrate, galactinol, and a second similar substrate, sucrose or raffi nose, respectively. It is not known if raffi nose synthase and stachyose synthase have overlapping enzymatic activity in soybean. However, distinct enzyme functions have been identifi ed in pea (Pisum sativum L.) (Peterbauer et al., 2002) .
A plant introduction line, PI 200508, has been identifi ed that has reduced levels of raffi nose and stachyose and elevated levels of sucrose (Kerr and Sebastian, 2000) . Th e line PI 200508 is synonymous with the LR 28 abbreviation referred to by both Kerr and Sebastian (2000) and Hitz et al. (2002) . Hitz et al. (2002) identifi ed this line in a screen for modifi ed carbohydrate composition and reported initial characterizations of PI 200508. Physiological analyses of derivatives of this line were subsequently examined (Neus et al., 2005) . Mature seeds of PI 200508 had greatly reduced levels of raffi nose and stachyose, elevated levels of sucrose and galactinol, and a 25-fold reduction in raffi nose synthase enzyme activity in developing seeds (Hitz et al., 2002) . It did not appear that the vigor of lines with the low raffi nose and stachyose trait was aff ected as there were no signifi cant diff erences for low raffi nose and stachyose lines in a number of seed quality parameters including fi eld emergence, seed yield, maturity, and fatty acid content as compared to sibling lines with normal levels of raffi nose and stachyose (Neus et al., 2005) .
A number of gene sequences have been annotated in GenBank as raffi nose synthases; however, complete characterization of these genes is lacking. A search of the GenBank database revealed that raffi nose synthase sequences have been annotated for pea (AJ426475), cucumber (Cucumis sativus L.) (AF073744), maize (Q575Z6, Q575Z7, Q575Z8), grape (Vitis spp.) (AM430487), and Arabidopsis thaliana (L.) Heynh. (At5 g40390); but biochemical confi rmation and molecular characterization have only been completed for pea (Peterbauer et al., 2001) . A rice (Oriza sativa L.) raffi nose synthase (BAD68247) has also been characterized, but to a lesser extent (Li et al., 2007) . Amino acid sequence identity ranges between 50 and 70% among putative raffi nose synthase sequences of the various plant species.
Little molecular genetic evidence currently exists to link raffi nose synthase enzymes with the accumulation of raffi nose and stachyose in seeds. In a study concentrating on cold acclimation response in Arabidopsis thaliana, a putative raffi nose synthase gene T-DNA insertion mutant was used to evaluate leaf freezing tolerance and cold acclimation. Seed raffi nose levels were not characterized for the mutant line, although leaf raffi nose levels were shown to be decreased when compared to wild-type (Zuther et al., 2004) . Soybean raffi nose-synthase enzyme activity was investigated in the low raffi nose and stachyose PI 200508, but the associated raffi nose-synthase gene sequences were not reported in that study (Hitz et al., 2002) .
Th e objective of this work was to develop molecular genetic information about soybean raffi nose synthases and to evaluate those raffi nose-synthase genes for their involvement in the low raffi nose and stachyose phenotype from soybean accession PI 200508. New knowledge about oligosaccharide biosynthesis in soybeans can be obtained by utilizing a molecular genetic approach with soybean raffi nose synthases as candidate genes. Our hypothesis is that the nutritive value of soybean meal can by increased by disrupting the activity of raffi nose synthase to reduce the levels of raffi nose and stachyose. Th is reduced activity will allow the raffi nose synthase substrate sucrose to accumulate in the seed; the accumulation of additional sucrose along with the decrease in raffi nose and stachyose will increase the metabolizable component of the meal at the expense of anti-nutritional components.
MATERIALS AND METHODS

Plant Materials
Growth chamber settings were 14.5 h daylength and 28°C/22°C day/night temperatures. Plants were grown in 6-inch pots in PRO-MIX (Premier Horticulture, Quakertown, PA) medium and fertilized with Osmocote Plus (Scotts, Marysville, OH) per manufacturer's instructions.
Th e summer 2007 fi eld location was the Bradford Research and Extension Center near Columbia, MO. Seeds were started in germination packets (CYG, Mega International, St. Paul, MN) , transplanted to fl ats aft er 9 d, then transplanted into the fi eld 7 d later. In the fi eld, plants were grown approximately one foot apart with approximately two-foot row spacing. Plants were grown to maturity, and irrigated when needed. 
Population Development
Sequencing of Plant Raffi nose Synthases
Soybean and pea sequences were obtained using PCR and either direct sequencing or cloning followed by sequencing. Williams 82 alleles of RS2 and RS3 were sequenced from genomic DNA or bacterial artifi cial chromosome (BAC) DNA. PI 200508 RS2, RS3, and RS4 alleles were sequenced from PCR products which were amplifi ed with primers that were intronic, fl anking exonic sequences.
Expression Analysis of Candidate Genes
A standard curve was constructed for each gene or pair of gene-specifi c primers to determine the effi ciency of each primer pair (Pfaffl , 2001) . Th is effi ciency measure serves as a basis to compare the expression levels of different gene transcripts. Th is data was collected using DNase-treated total RNA template reverse transcribed into cDNA, then amplifi ed by PCR, and was obtained in technical triplicates. Primer sequences for the candidate genes were as follows, RS1: 5′-GCAGGGCAACTCGTGAT-TCT-3′ and 5′-TGGATGCGGGTTTTCTTCTC-3′; RS2: 5′-CTAGGGCCATCTCTGGTGGA-3′ and 5′-CGTGT-GGGGAGTGCATAGTG-3′; RS3: 5′-CACTGGAGTTCTT-GGGGTGT-3′ and 5′-GCTTGGCTGAAATACGAAGC-3′. Th e primers for the housekeeping gene elongation factor 1α were 5′-CTGTAACAAGATGGATGCCACTAC-3′ and 5′-CAGTCAAGGTTAGTGGACCT-3′ (Czechowski et al., 2005) . Th e RT-PCR reaction was performed using the QuantiTect SYBR Green RT-PCR Kit (Qiagen, Valencia, CA) in 20 μL reactions. Th e parameters for the one step RT and the PCR were as follows, reverse transcription at 50°C for 30 min followed by 95°C for 15 min, then 35 cycles of 95°C for 15 s, 57°C for 30 s, 72°C for 30 s, and an ending hold at 4°C. Experiments included control reactions lacking the reverse transcriptase enzyme to assess possible genomic DNA contamination.
Allele-Specifi c Molecular Marker Assay Development
Melting curve analysis molecular marker assays were developed as described (Wang et al., 2005) . To achieve allele specifi city, single base pair mismatches were introduced into the primer sequence to increase the discriminatory power of the allele-specifi c primer. Th ese bases and the tails are indicated in lowercase in the primer sequences. Primer sequences for RS2 were: 5′-gcgggcagggcggcTGGAGCAGGTGTATaTGTGG-3′, 5′-gcgggcTGGAGCAGGTGTATtTGCAC-3′, and 5′-TGGGTCTGACCCCACCCCAATAC-3′; for RS3: 5′-gcgggcagggcggcATGGGTCCAAGCTCGAAGAAAGCgTCAC-3′, 5′-gcgggcATGGGTCCAAGCTCGAAGAAAGCcTCAG-3′, 5′-GAGTTGCAGAGGCTGAAGCCCT-TCATG-3′.
Reactions were performed in 20 μL; each primer was at 0.5 μM fi nal concentration in reactions containing template, buff er (40 mM Tricine-KOH (pH 8.0), 16 mM KCl, 3.5 mM MgCl 2 , 3.75 μg mL -1 BSA, 200 μM dNTPs), 5% DMSO, 0.25X SYBR Green I, and 0.2X Titanium Taq polymerase (BD Biosciences, Palo Alto, CA).
PCR parameters for the RS2 assay were as follows, 95°C for 12 min followed by 35 cycles of 95°C for 20 s, 64°C for 30 s, 72°C for 30 s, and then a melting curve from 72°C to 90°C. Th e fl uorescence was read aft er each cycle and every 0.2°C with a 1 s hold during the melt. Each genotype produced a product with a characteristic melting profi le, as measured by Tm of the negative fi rst derivative of the disappearance of fl uorescent signal. Th e Williams 82 homozygous genotype gave a peak at 82.5°C, PI 200508 homozygous genotype gave a peak at 81.5°C, and a heterozygous genotype gave a peak at 82.5°C with a shoulder at 81.0°C.
PCR parameters for the RS3 assay were as follows, 95°C for 12 min followed by 35 cycles of 95°C for 20 s, 62°C for 30 s, 72°C for 20 s, and then a melting curve from 72°C to 90°C. Th e fl uorescence was read aft er each cycle and every 0.2°C with a 1 s hold during the melt. Each genotype gave a specifi c peak during the melt. Th e Williams 82 homozygous genotype gave a peak at 82.75°C, PI 200508 homozygous genotype gave a peak at 81.0°C, and a heterozygous genotype gave a peak at 82.5°C with a shoulder at 80.0°C.
Th ese assays were performed with DNA isolated from young leaf tissue using the DNeasy Plant Mini Kit (Qiagen). DNAs were not quantifi ed, rather 2 μL of a 150 μL elution were used in each reaction.
Oligosaccharide Phenotype Determination by HPLC
Oligosaccharides were determined by high performance ion chromatography with pulsed amperometric detection (PAD) employing an Agilent 1100 series HPLC and an ESA Coulochem III detector (Agilent Technologies, Chesterfi eld, MO). A 12.5 mg ground seed sample was extracted with 0.5 mL 50% ETOH at 70°C, 30 min. Samples were then centrifuged 15 min at 16,000g. Th e supernatant was passed through a 0.2-μm fi lter. Sugars were separated on a Dionex (Bannockburn, IL) Carbo Pac PA 10 analytical column (250 mm × 4 mm, 10 μm) connected to a Carbo Pac PA 10 guard column (50 mm × 4 mm). Th e mobile phase was 90 mM NaOH with fl ow rate of 1.5 mL min 
RESULTS
Identifi cation of Candidate Genes
On the basis of similarity to the pea enzyme sequences, the Arabidopsis genome appears to harbor one raffi nose synthase (At5 g40390) and one stachyose synthase (AK229121) gene. Because of the unique nature of the ancestral soybean genome having undergone full genome duplications (Shoemaker et al., 2006; Shoemaker et al., 1996) , the existence of multiple raffi nose synthase genes is likely. Th ree putative raffi nose synthase genes were identifi ed in soybean at the beginning of this project. Searching the GenBank database resulted in the identifi cation of two annotated raffi nose synthase genes, GenBank accession E25448 (RS1) and E24424 (RS2) from Glycine max. An additional putative raffi nose synthase (RS3) was reconstructed from overlapping ESTs with high sequence similarity to E24424. Aft er the release of the 7X assembly of the soybean genome sequence (Soybean Genome Project, DoE Joint Genome Institute), a fourth soybean raffi nose synthase was identifi ed (RS4). An alignment of the four putative soybean raffi nose synthases and the Arabidopsis and pea raffi nose synthases illustrates the high degree of sequence conservation (Fig. 1) . RS1 is the least like any of the other sequences, with about 35% identity. Identity between RS2, RS3, RS4, and the Arabidopsis raffi nose synthase ranges from 58 to 61%. Th e soybean candidate genes RS2, RS3, and RS4 are 72 , 65, and 66% identical at the amino acid level to the pea raffi nose synthase, respectively. Th e putative soybean raffi nose synthase genes are not well represented in the GenBank EST collection. Th ere were no ESTs matching RS4, two matching RS2, seven matching RS3, and 17 matching RS1.
Expression Analysis by Quantitative RT-PCR
In soybean, a history of genome duplication has allowed the specialization of function for some individual members of gene families. Tissue-specifi c gene expression is one outcome for a subset of duplicated soybean genes (Chappell et al., 2006) . We evaluated the steady state expression levels of the three originally identifi ed putative raffi nose synthase genes (RS1, RS2, and RS3) in a number of tissues from Williams 82 and PI 200508 (Fig.  2) . Of particular interest was quantitation of gene expression in developing seeds since Hitz et al. (2002) reported a signifi cant decrease in raffi nose synthase enzyme activity in developing seeds of line PI 200508 compared to standard lines. Expression of the three putative raffi nose synthases was determined using quantitative RT-PCR. Th e results indicated that the putative raffi nose synthase genes have similar transcript levels in all tissues examined as compared to the housekeeping gene elongation factor 1α (Czechowski et al., 2005) . In addition, there was no significant decrease in expression of the raffi nose synthase genes in developing seed tissues from PI 200508.
Genomic Structures of Putative Raffi nose Synthase Genes
Th e genomic organization of raffi nose synthase genes from Arabidopsis thaliana, grape, and rice are known. To determine the genomic arrangement of soybean RS2 and RS3, we sequenced Williams 82 genomic DNA, Williams 82 BAC DNA, and cDNA in those gene regions (Fig. 3) . Comparisons of genomic DNA, BAC DNA and cDNA led to the determination of intron-exon arrangement. Sequences for RS2 and RS3 have been deposited in the GenBank under accessions EU651888 and EU651889, respectively. During the course of this project, an independent group deposited soybean Williams 82 BAC sequences that contain the RS2 and RS3 genes in GenBank (Schlueter et al., 2007) . Th e RS4 genomic sequence was identifi ed as part of the soybean 7X genome sequence assembly. Both RS3 and RS4 reside on scaff old 35 (linkage group A1, J. Gillman, personal communication, 2008) about 3.2 Mbp apart. RS2, RS3, and RS4 were predicted to contain fi ve exons interrupted by four introns. Th e position of the fi rst intron is variable among plant raffi nose synthases and the candidate genes. For RS2, the fi rst intron occurs in amino acid 215, while in RS3 it occurs in amino acid 268, and in RS4 it occurs in amino acid 197. In addition, we sequenced the pea raffi nose synthase from pea genomic DNA to clarify the relationship between authentic raffi nose synthases and genomic organization; previously only cDNA sequence was available for the pea raffi nose synthase. Th e pea raffi nose synthase genomic organization is less similar to the soybean candidate raffi nose synthase gene organization than the Arabidopsis raffi nose synthase. Excluding RS1, the soybean and Arabidopsis raffi nose synthases appear to have a characteristic fi ve exon, four intron genomic organization. Th e other putative raffi nose synthases have fewer exons, although some of the exon/ intron boundary positions present in the Arabidopsis and soybean raffi nose synthases are conserved.
RS1 cDNA sequence was obtained from the GenBank patent database and shows sequence similarity to two hydrolase family enzymes in Arabidopsis (At3 g57520 and At1 g55740). Recently, trace archives and the 7X assembly of the soybean genome sequencing project have allowed the investigation of the genomic organization of RS1, and a thirteen exon, twelve intron organization identical to the Arabidopsis hydrolase family gene At3 g57520 has been confi rmed. Members of this gene family have been shown to be alkaline α-galactosidases (Carmi et al., 2003) . No other additional soybean raffi nose synthase genes were apparent on the basis of sequence homology to the candidate genes and to the Arabidopsis raffi nose synthase (At5 g40390).
Identifi cation of Polymorphic Alleles of Candidate Genes
RS2 and RS3 became our primary candidate raffi nose synthase genes. RS1 appeared to belong to a related, but distinct gene family of hydrolases and there was no evidence of the existence of RS4 before the release of the Figure 1 . Boxshade output of a ClustalW sequence alignment of putative Glycine max raffi nose synthases (GmRS1, GmRS2: EU651888, GmRS3: EU651889, and GmRS4), the Arabidopsis thaliana raffi nose synthase (AtRS: At5 g40390), and the pea (Pisum sativum L.) raffi nose synthase (PsRS: Q8VWN6). Identical amino acid residues are highlighted in black while similar amino acid residues are highlighted in gray. (Figure Coninues on next page.) soybean genome sequence. Th e soybean raffi nose synthase candidate genes, RS2, RS3, and RS4 were sequenced from the low raffi nose and stachyose line, PI 200508. No polymorphisms were identifi ed for RS4, while multiple polymorphisms were identifi ed for RS2 and RS3 when compared to the reference Williams 82 sequences. Five polymorphisms and a three base pair deletion were identifi ed in the RS2 allele from PI 200508. Two of the polymorphisms and the deletion resulted in amino acid changes (Fig. 4) . In the fi rst exon a single nucleotide polymorphism (SNP) (G512C) resulted in a cysteine to serine (C171S) mutation which does not occur in a conserved region and has a calculated sorting intolerant from tolerant (changes) (SIFT) score (Johnson et al., 2005; Ng and Henikoff , 2003) of 0.25. A three base pair deletion (TGG; beginning at base pair 991) resulted in the absence of a tryptophan (W331-) in a highly conserved region of exon 2 of RS2 and has a SIFT score of 0.00. Th is SIFT score indicates that the loss of this amino acid is likely to be deleterious to protein function (Johnson et al., 2005; Ng and Henikoff , 2003) . Th e second SNP (G1609A) was in exon 4 and resulted in a valine to isoleucine mutation. Th is missense V537I change occurred in a conserved region, although a similar amino acid was substituted; the SIFT score of 1.00 indicates that this amino acid change is unlikely to have an eff ect on the protein.
Six SNPs were identifi ed in the PI 200508 RS3 sequence (data not shown). Th ree were silent and three resulted in amino acid changes. Two of the amino acid changes occurred in exon 1, a proline to alanine (C28G; P10A) and a lysine to asparagine (G48T; K16N), neither of which occurred in conserved regions. Th e third polymorphism (C1105G; R369G) resulted in an arginine to glycine substitution. Th e PI 200508 glycine was also identifi ed in a number of other soybean lines evaluated for this polymorphism, while the Williams 82 arginine was only present in the cultivar Jack (data not shown).
Association of Candidate Gene Genotype to Seed Raffi nose and Stachyose Phenotype
To facilitate tracking the RS2 and RS3 alleles from the PI 200508, molecular marker assays were developed from a selected polymorphism for each of the PI 200508 RS2 and RS3 alleles. Th e molecular marker assays, which are single-step PCRs usng primers containing GC tails (Wang et al., 2005) reliably detected the presence of either a Williams 82 allele or a PI 200508 allele. For the RS2 marker assay, the three base pair deletion in exon 2 was used to distinguish alleles; for the RS3 marker assay the proline to alanine polymorphism from exon 1 was used to distinguish alleles.
Th e molecular marker assays were used to investigate the occurrence of the selected polymorphisms in a subset of ancestors to many modern North American soybean cultivars (Sneller, 1994) . Th e absence of TGG in RS2 may be a rare polymorphism; it was not detected in any of the 17 ancestral lines assayed (data not shown). For the SNP assayed in RS3, CNS, Illini, Richland, PI 81041, and PI 257435 contained the base in common with Williams 82 (data not shown). To analyze RS2 and RS3 as candidate genes that infl uence the low raffi nose and low stachyose trait, an association analysis was done on a population of segregating F 2 plants and F 2:3 seeds of a cross between Williams 82 and PI 200508 . Th e population was divided into two sets, with one set of F 2 plants grown in growth chambers and a second set of F 2 plants grown in a fi eld environment. Th e molecular marker assays for the PI 200508 RS2 and RS3 alleles were used to genotype F 2 plants of the Williams 82 × PI 200508 segregating populations. Th e molecular marker assay data from the F 2 plants for both candidate genes and data sets revealed a 1:2:1 ratio (at p = 0.05) for Williams 82 alleles:heterozygote:PI 200508 alleles, which would be expected for a segregating population at F 2 (data not shown). Th ere was no evidence of linkage of RS2 and RS3, as the genes segregated independently of each other. RS2 resides on scaff old 157 of the soybean 7X genome assembly while RS3 and RS4 are separated by approximately 3.2 million base pairs on scaff old 35.
Th e relative oligosaccharide phenotypes of single F 2:3 seeds were determined aft er alcohol extraction of ground seed samples. Ion exchange chromatography with electrochemical detection was used to quantitatively measure the relative amounts of sucrose, raffi nose, and stachyose. In two data sets, the RS2 genotype strongly associated with the oligosaccharide phenotype (Fig. 5) .
Inheritance of the Williams 82 RS2 alleles was suffi cient to produce a Williams 82 oligosaccharide phenotype, and inheritance of the PI 200508 RS2 alleles was suffi cient to produce a PI 200508 oligosaccharide phenotype (p < 0.01). For heterozygous F 2 plants whose F 3 seeds had segregated for the RS2 alleles, we observed two separate phenotypic classes, one similar to the Williams 82 phenotype and one similar to the PI200508 phenotype; there were no seeds with an "intermediate" phenotype. Th ere was no obvious association of oligosaccharide phenotype with the RS3 alleles (data not shown).
Analyzing Oligosaccharide Content in a Backcross
To improve the effi ciency of selection of low raffi nose and low stachyose soybean lines, the RS2 perfect molecular markers were used in a backcross breeding eff ort. Th e molecular markers were applied in the original F 2 generation of the segregants to identify lines for backcrossing, and then in the BC 1 F 1 and BC 1 F 2 generations. Seeds from the resulting homozygous PI 200508 RS2-allele BC 1 F 3 lines were analyzed for the inheritance of the low raffi nose and stachyose phenotype. Th is backcrossed material theoretically contained 75% of the Williams 82 genome along with the PI 200508 RS2 alleles. Th e seed oligosaccharide phenotype of low raffi nose and stachyose was faithfully inherited in the samples analyzed. Th is further demonstrates the correspondence of the PI 200508 RS2 allele to the seed oligosaccharide phenotype.
DISCUSSION
Signifi cant progress has been made in identifying and sequencing putative soybean raffi nose synthase genes, characterizing their expression in multiple tissues, and developing and characterizing the phenotype/genotype associations in a segregating population. Th e candidate raffi nose synthases do not appear to be tissue specifi c, but highly expressed in all tissues examined. Th e candidate genes have polymorphic alleles for the standard cultivar, Williams 82, and a low raffi nose and stachyose line, PI 200508 (Hitz et al., 2002) . Th e development of molecular marker assays and a segregating population allowed the association of one candidate gene, RS2, with the seed oligosaccharide phenotype. Th ese data provide strong evidence that the candidate gene, RS2, is responsible for raffi nose biosynthesis in the soybean plant.
Th e increasing use of soybeans and soy products in the feed industry has elevated the importance of understanding its nutritional and anti-nutritional components. Here, we describe a soybean raffi nose synthase candidate gene which largely controls the amounts of seed sucrose, raffi nose, and stachyose. Once integrated into a standard cultivar, this raffi nose synthase allele has the potential to greatly improve the digestibility and carbohydrate richness of soybean meal in terms of metabolizable energy for monogastric animals.
A comparison of the soybean candidate genes with other known plant raffi nose synthases allowed the identifi cation of the characteristic fi ve exon, four intron genomic arrangement. Candidate genes RS2, RS3, and RS4 are comparable to other plant raffi nose synthase genes, while the arrangement of RS1 is not. Th erefore, RS2, RS3, and RS4 remain strong candidates for having raffi nose synthase identity, while RS1 appears to be an alkaline α-galactosidase (Carmi et al., 2003) .
Similar transcript levels as determined by quantitative RT-PCR, for RS2 and RS3, and for Williams 82 and PI 200508, indicated that the diff erence in oligosaccharide content was unlikely to be a product of disruption in the transcriptional machinery, but rather a polymorphism/mutation which aff ects folding, function, or both.
Sequencing of two of the candidate genes from both the standard cultivar Williams 82 and the low raffi nose and stachyose line, PI 200508, allowed the identifi cation of polymorphisms which resulted in amino acid changes. For RS2, two amino acid changes are of interest. Th e fi rst is the C171S which does not occur in a region of sequence conservation but potentially represents the loss of a cysteine bonding partner in PI 200508. More interesting is the deletion of a tryptophan residue (W331-) from the PI 200508 sequence. Th is deletion occurs in a region of high conservation; it is likely required for correct protein folding or function. At this time, it is unknown where the catalytic domains are in the protein, therefore it is impossible to defi nitively determine the role of this tryptophan in enzymatic activity without further biochemical characterization.
For RS3, two interesting polymorphisms were identifi ed. Th e fi rst is in exon 1 and is a K16N change. Although this residue does not occur in a region of high sequence conservation, the change in charge may result in a disruption of enzyme function. Th e second polymorphism, R369G, occurs in exon 2. It is unknown what aff ect this change may have on enzymatic activity, but the fact that Williams 82 appears to contain the variant allele is notable.
Th e identifi cation of polymorphisms between the Williams 82 and PI 200508 alleles of RS2 and RS3 allowed the development of allele-specifi c molecular marker assays. Th ese assays were used to genotype the Williams 82 × PI 200508 segregating population to associate the seed oligosaccharide phenotype with the genotype of the candidate genes. Th e genotype of RS2 completely associated with the seed raffi nose phenotype. Th e complete association indicates that RS2 is largely responsible for the phenotype and is likely a raffi nose synthase. Furthermore, on the basis of our analysis of the segregants from the set of RS2 heterozygous F 2 plants, it appears that one copy of the Williams 82 allele of RS2 is suffi cient to produce the wild-type seed raffi nose and stachyose phenotype. Since the desired phenotype is inherited in a recessive manner, the identifi cation of the mutation corresponding to the phenotype will be particularly useful in breeding programs for selecting heterozygous and backcrossed lines that have captured the mutant allele.
Th e genotype of the candidate gene RS3 showed no association with the seed raffi nose and stachyose phenotype. Th is result indicates that RS3 is either contributing to the raffi nose phenotype to a far lesser degree than RS2, is non-functional, or is not a raffi nose synthase. Since Figure 5 . Phenotype-to-genotype association of a soybean population segregating for the low raffi nose/stachyose phenotype (Williams 82 × PI 200508) . The oligosaccharide phenotype of eight individual F 3 seeds was determined for a subset of the population on the basis of genotype. The data represents the mean of the ratio of extractable seed sucrose to the sum of raffi nose and stachyose. Error bars represent plus and minus one standard deviation from the mean. Individual F 2 plants were categorized by their RS2 genotype class and separated on the x axis. The F 2 RS2 heterozygous class was further separated into two phenotypic classes because no intermediate phenotypes were observed. Parental genotypes represent individual seeds analyzed from either Williams 82 or PI 200508 grown in the same environment. A) Data collected from growth chamber grown F 2 plants. B) Data collected from fi eld grown F 2 plants.
RS3 and RS4 reside on the same chromosome (Soybean Genome Project, DoE Joint Genome Institute), it is also unlikely that RS4 is contributing signifi cantly to the raffi nose and stachyose phenotype. A soybean stachyose synthase has yet to be identifi ed, so it is possible that RS3 or RS4 could have stachyose synthase activity. It is notable that while raffi nose was almost eliminated in lines containing the PI 200508 RS2 alleles, stachyose was still produced, although at lower levels than in wild-type seeds. Th us it would appear the reduced levels of raffi nose are suffi cient substrates for seed stachyose synthase activity. Because of the substrate similarity of the two enzymes (galactinol and sucrose for raffi nose synthase, or galactinol and raffi nose for stachyose synthase), sequence similarity between the two is expected. Th e sequence identity for RS2 and RS3 is 65%, for RS2 and RS4 it is 70%, and for RS3 and RS4 it is 62% at the amino acid level. Both an Arabidopsis raffi nose synthase (At5 g40390) and a putative stachyose synthase (AK229121) are known, and the amino acid sequence identity is 45% for these sequences. Likewise, the pea raffi nose synthase (Q8VWN6) and stachyose synthase (Q93XK2) share 42% identity.
Here, evidence is shown that the candidate gene, RS2, completely associates with the seed raffi nose phenotype through a segregating population. Further, the expression of this gene does not appear to be tissue specifi c, but rather expressed in all tissues examined. Th e identifi cation of a soybean raffi nose-synthase candidate gene which completely associated with the low raffi nose and stachyose phenotype along with the development of perfect molecular marker assays will enable increased breeding effi ciency of this desirable trait into soybean varieties.
